Abstract HeLa cells expressing rat connexin43 (Cx43) and/or mouse Cx45 were studied with the dual voltageclamp technique. Different types of cell pairs were established and their gap junction properties determined, i.e. the dependence of the instantaneous and steady-state conductances (g j,inst , g j,ss ) on the transjunctional voltage (V j ) and the kinetics of inactivation of the gap junction current (I j ). Pairs of singly transfected cells showed homogeneous behaviour at both V j polarities. Homotypic Cx43-Cx43 and Cx45-Cx45 cell pairs yielded distinct symmetrical functions g j,inst =f(V j ) and g j,ss =f(V j ). Heterotypic Cx43-Cx45 preparations exhibited asymmetric functions g j,inst =f(V j ) and g j,ss =f(V j ) suggesting that connexons Cx43 and Cx45 gate with positive and negative V j , respectively. Preparations containing a singly (Cx43 or Cx45) or doubly (Cx43/45) transfected cell showed quasihomogeneous behaviour at one V j polarity and heterogeneous behaviour at the other polarity. The former yielded Boltzmann parameters intermediate between those of Cx43-Cx43, Cx45-Cx45 and Cx43-Cx45 preparations; the latter could not be explained by homotypic and heterotypic combinations of homomeric connexons. Each pair of doubly transfected cells (Cx43/Cx45) yielded unique functions g j,inst =f(V j ) and g j,ss =f(V j ). This can not be explained by combinations of homomeric connexons. We conclude that Cx43 and Cx45 form homomerichomotypic, homomeric-heterotypic channels as well as heteromeric-homotypic and heteromeric-heterotypic channels. This has implications for the impulse propagation in specific areas of the heart.
Introduction
Gap junction channels are intercellular channels that provide a pathway for direct communication between adjacent cells. They consist of transmembrane proteins called connexins. Six connexins assemble to form a hemichannel (connexon) with an aqueous pore. The docking of two connexons leads to the establishment of a gap junction channel [5] . So far, 20 different connexins, encoded by a multi-gene family, have been identified in vertebrate tissues (see [37] ). Most vertebrate tissues express gap junction channels. They mediate electrical coupling between cells and enable the intercellular exchange of signalling molecules and nutrients (see [15] ). These processes serve important biological functions and are operational under physiological and pathophysiological conditions [19, 24] .
In many tissues, the cells express more than one type of connexin [8, 13, 18] . This offers the possibility of forming different types of connexons. As shown in Fig. 1A , coexpression of two types of connexins leads to the formation of two types of connexons, homomeric and heteromeric. In the former case, two complementary structures are possible. In the latter case, 12 different combinations are possible depending on the relative contribution of the connexins and their arrangement. As shown in Fig. 1B , hemichannel docking leads to two classes of gap junction channels, homotypic and heterotypic. For homomeric connexons, two homomeric-homotypic and one homomeric-heterotypic channels are possible. For heteromeric connexons, the number of structurally different channels increases drastically, i.e. 12 heteromer-ic-homotypic and 14 2 −(12+3)=181 heteromeric-heterotypic channels are possible [36] .
In the past, most electrophysiological studies have been performed on transfected cells or injected oocytes expressing one type of connexin. This has enabled the properties of homomeric-homotypic and homomeric-heterotypic channels to be determined (see [15] ). It turned out that each type of channel exhibits its own set of properties. While these data were useful for elucidating the basic mechanisms of channel operation, they failed to explain the complex properties of gap junctions seen in cells isolated from intact tissues. However, with the properties of homomeric-homotypic and homomeric-heterotypic channels at hand, investigators set out to study more complex channels using model cells and freshly isolated cells [16, 21, 22, 23, 31] .
In the heart, three main connexins have been identified, Cx40, Cx43 and Cx45. They are expressed in different areas, often co-localized in the same junction [13, 34] . The aim of this study was to examine the electrical properties of gap junction channels involving Cx43 and Cx45. Experiments were carried out on pairs of HeLa cells expressing rat Cx43 and mouse Cx45, singly transfected or co-transfected. They allow the formation of different types of gap junction channels. The parameters explored included the voltage sensitivity and the kinetics of inactivation. Preliminary results have been presented elsewhere [11] .
Materials and methods

Cell cultures
Transfected human HeLa cells (ATCC code CCL2) expressing rat Cx43 and/or mouse Cx45 (rCx43, mCx45) were grown in DMEM supplemented with 10% FBS, 100 µg/ml streptomycin and 100 U/ ml penicillin and the antibiotic used as the selection marker for transfection and clone maintenance. The DNA construct used to obtain the Cx43 transfectants generated a bi-cistronic RNA that contained Cx43, an internal ribosome entry site (IRES) and the hygromycin B resistance gene and was selected with 500 µ/ml hygromycin B (rCx43) [14] . The two other transfectants used DNA constructs with two separate transcription units, one for Cx and one for antibiotic resistance, and were grown with 1 µg/ml puromycin (mCx45) or 300 µg/ml G418 and 0.25 µg/ml puromycin (rCx43/ mCx45). The cells were kept in an incubator at 37°C (5% CO 2 , 95% ambient air) and passaged weekly. To carry out experiments, the cells were seeded onto sterile glass cover-slips placed in Petri dishes. They were ready for use 1-2 days after plating. For mixed cultures, prior to plating one type of cell was labelled with a fluorescent dye (5-chloromethylfluorescein diacetate, CMFDA, 2.5 µM, 1 h; Molecular Probes, Eugene, Ore., USA).
Solutions
Experiments were performed in modified Krebs-Ringer solution (in mM): NaCl 140, KCl 4, CaCl 2 2, MgCl 2 1, HEPES 5 (pH 7,4), Napyruvate 2, glucose 5. Pipettes were filled with internal solution (in mM): K-aspartate 130, NaCl 10, CaCl 2 1, MgATP 3, EGTA 10 (pCa≅8), HEPES 5 (pH 7.2).
Electrophysiological measurements
Glass cover-slips with adherent cells were transferred to a chamber placed on an inverted microscope (Diaphot-TMD, Nikon; Nippon Kogaku, Tokyo, Japan) and superfused with Krebs-Ringer solution at room temperature (22-25°C). Patch pipettes were pulled from glass capillaries (GC150F-10; Harvard Apparatus, Edenbridge, Kent, UK) using a horizontal puller (DMZ Universal; Zeitz Instruments, Munich, Germany). When filled with solution, the pipettes had resistances of 3-6 MΩ. Electrical measurements were performed on cell pairs using a dual voltage-clamp method and whole-cell recording (manipulators: MP-285; Sutter Instruments, Novato, Calif., USA; amplifier: EPC 9/2; HEKA Electronic, Darmstadt, Germany). This method permits the membrane potential (V) of each cell to be controlled and the gap junction current (I j ) to be measured [28] . To start with, the membrane potential of both cells was clamped to the same value, V 1 =V 2 =0 mV. Thereafter, V 1 was then stepped to different levels to establish a gap junction potential V j (V 2 −V 1 ). The current measured from cell 1 represents the sum of two components, I j and the membrane current of cell 1 (I m1 ); the current measured from cell 2 corresponds to −I j .
Data acquisition and analysis
Voltage and current signals were stored on a PC for off-line analysis. Current signals were Bessel-filtered (1 kHz) and digitized (3.33 kHz). Data were acquired and analysed using standard software (Pulse, Pulsfit, HEKA), curves were fitted and statistics calculated using SigmaPlot and SigmaStat (Jandel Scientific, Erkrath, Germany).
For analysis, the amplitude of I j was determined at the beginning (instantaneous, I j,inst ) and end (steady state I j,ss ) of each V j pulse. At large V j , I j,inst was gained by extrapolation to the time t=0 s (onset of pulse). The respective conductances were calculated as g j,inst = Fig. 1A , B Predicted configurations of connexons and gap junction channels for two different connexins (Cx). A Fourteen different connexons can be formed when two connexins are co-expressed in a cell: 2 homomeric connexons, consisting of one type of connexin, and 12 heteromeric connexons consisting of two types of connexins. B Diversity of gap junction channels formed after docking of two connexons. They can be homotypic when the connexons are identical (composed of one or two types of connexins) or heterotypic when the connexons are different (composed of one or two types of connexins) I j,inst /V j and g j,ss =I j,ss /V j . The values of g j,inst were normalized with respect to g j associated with a small test pulse applied prior to each V j pulse. The values obtained were sampled, averaged and plotted as a function of V j . Curves were fitted with a function derived from our gap junction model (see Eq. 29 in [35] ):
The values of g j,ss were normalized with respect to g j,inst , sampled, averaged and plotted as a function of V j . Curves were fitted with the Boltzmann equation separately applied to negative and positive V j [29] :
where V j,0 is the value of V j at which g j,ss /g j,inst is half-maximally inactivated, g j,min the minimum value of g j at large V j and z the number of unitary positive charges moving through the electric field applied.
For biphasic behaviour, as observed with homomeric-heterotypic channels, the g j,ss data were fitted to a modified Boltzmann equation that allowed the simultaneous fit of positive and negative polarities of V j [6] .
Modelling
The functions g j,ss =f(V j ), experimentally determined from Cx43-Cx43, Cx45-Cx45 and Cx43-Cx45 cell pairs, were used as reference functions to predict the behaviour of gap junctions consisting of a mixture of two kinds of channels involving homomeric-homotypic and homomeric-heterotypic channels. The calculations were performed with the equation:
The functions describing the behaviour of the reference channels, i.e. [g j,ss =f(V j )] 1 and [g j,ss =f(V j )] 2 , were added considering the different weights p and q (p/q=100/0%, 75/25%, 50/50%, 25/75%, 0/100%) and orientation.
Results
Voltage dependence of g j in Cx43-Cx43 and Cx45-Cx45 cell pairs
In the first series of experiments, we examined the properties of homomeric-homotypic channels, i.e. cell pairs expressing either Cx43 or Cx45. The purpose was to establish standards for the interpretation of more complex channels. Figure 2 illustrates the experimental procedure and the results for Cx43-Cx43 cell pairs. Figure 2A shows a scheme of the preparations emphasizing the connexin distribution and the nomenclature used; Fig. 2B shows selected current signals documenting the flow of current through the gap junction I j elicited by a junctional voltage V j of ±10, ±40, ±70, ±100 and ±130 mV. The larger the amplitude of V j , the larger the associated I j and the faster its inactivation. The records displayed in Fig. 2B and others from the same experiment were analysed to determine the amplitude of the instantaneous current I j,inst and the steady-state current I j,ss . The values obtained were used to calculate the normalized conductances g j,inst = I j,inst /V j and g j,ss = I j,ss /V j . Figure 2C illustrates the results from 11 cell pairs plotting the average values of g j,inst and g j,ss as functions of V j . The smooth curves describing the function g j,inst =f(V j ) correspond to the best fit of data to Eq. 1 using the following values (negative/positive V j ): G j =1.99/2.01, V H = −175.8/175.7 mV. Starting from a maximum of 0.99/1.0 at V j =0 mV, g j,inst decreased to 0.88/0.97 at V j =±100 mV. The smooth curves that describe the function g j,ss =f(V j ) represent the best fit of data to Eq. 2 using the following values (negative/positive V j ): V j,0 =−60.8/62.9 mV, g j,min =0.26/0.25, z=−3.4/2.9. When extrapolated to Fig. 2A -C Dependence of the gap junction conductance g j on junctional potential V j for homotypic Cx43-Cx43 channels. A Scheme of cell-pair configuration. B Family of junctional current signals I j recorded at V j =±10, ±40, ±70, ±100 and ±130 mV. Voltage pulses were applied to cell 1 (left-hand cell) and instantaneous (I j,inst , start of pulse) and steady-state (I j,ss , at end of pulse) currents were measured from cell 2 (right-hand cell). Depolarization of cell 1 gave rise to a negative V j and was accompanied by a downwards deflection of I j . C Normalized instantaneous conductance g j,inst (○) and steady-state conductance g j,ss (•), as functions of V j . Means ±SEM. The curves correspond to the best fit of data to the Eqs. 1 and 2, respectively (for further explanations, see text)
V j =0 mV, the cell pairs yielded an average g j,inst of 8.0 ±1.6 nS. To minimize series resistance problems, preparations with g j,inst >11 nS were excluded from the analysis [33] . Figure 3 summarizes the results obtained for Cx45-Cx45 cell pairs. Figure 3A depicts the configuration of the preparations; Fig. 3B shows current signals elicited by the pulse protocol used for the experiments shown in Fig. 2 . Distinct differences in the V j -dependent inactivation of I j are apparent. Figure 3C illustrates the results from 14 cell pairs plotting the average values of g j,inst and g j,ss as functions of V j . The smooth curves describing the function g j,inst =f(V j ) correspond to the best fit of data to Eq. 1 using the following values: G j =1.99/2.02, V H =−112.7/135 mV. Starting from a maximum of 0.99/1.0 at V j =0 mV, g j,inst decreased to 0.76/0.82 at V j =±100 mV. Hence, g j,inst of Cx45-Cx45 channels is more voltage sensitive than that of Cx43-Cx43 channels. The smooth curves describing the function g j,ss =f(V j ) represent the best fit of data to Eq. 2 using the following values (negative/positive V j ): V j,0 = −38.9/38.5 mV; g j,min =0.17/0.16; z=−2.5/2.7. g j,ss of Cx45-Cx45 channels is thus also more voltage sensitive than that of Cx43-Cx43 channels. The cell pairs analysed yielded an average g j,inst of 6.0±0.5 nS at V j =0 mV. Data from preparations with g j,inst >12 nS were discarded.
Voltage dependence of g j in Cx43-Cx45 cell pairs
The second series of experiments explored the properties of homomeric-heterotypic channels. For this purpose, HeLa cells expressing Cx43 or Cx45 were co-cultured and mixed cell pairs selected visually (see Materials and methods). As shown in Fig. 4A , the cells expressing Cx43 and Cx45 were named cell 1 and cell 2, respectively. Figure 4B shows superimposed current signals obtained with the standard pulse protocol. Unlike Cx43-Cx43 and Cx45-Cx45 channels (Figs. 2B and 3B), the currents were asymmetrical with regard to the polarity of V j . The inwards currents associated with depolarization of cell 1 were small and inactivated with time. In contrast, the outwards currents following hyperpolarization of cell 1 were large and diverse, i.e. some increased with time, others first increased and then decreased. Figure 4C summarizes the results from ten experiments illustrating the relationships g j,inst =f(V j ) and g j,ss =f(V j ). A negative V j prevailed when cell 1 was depolarized (the Cx43 connexon was positive, the Cx45 connexon negative); a positive V j prevailed when cell 1 was hyperpolarized (the Cx43 connexon was negative, the Cx45 connexon positive). The functions g j,inst =f(V j ) and g j,ss =f (V j ) were both asymmetrical. Depolarization of cell 1 decreased g j,inst and g j,ss , the former being affected more prominently. In contrast, hyperpolarization of cell 1 led to a moderate decline of g j,inst while g j,ss first increased above, and then fell below g j,inst . The smooth curves represent the best fit of g j,inst and g j,ss to Eqs. 1 and 3, respectively. For the g j,inst data, curve fitting yielded the following values (negative/positive V j ): G j,inst =1.93/2.0, V H =−130/404 mV. Hence, starting from a maximum of 0.97/1.0 at V j =0 mV, g j,inst decreased to 0.79/0.98 at V j = ±100 mV. For g j,ss , curve fitting yielded the following values (negative/positive V j ): V j,0 =−11.7/134.4 mV, g j,min =0.05, g j,max =1.41, z=−2.1/0.6. The cell pairs had an average g j,inst of 8.3±0.9 nS at V j =0 mV. Data from preparations with g j,inst >16 nS were discarded.
Voltage dependence of g j in Cx43/Cx45-Cx43 and Cx43/45-Cx45 cell pairs As outlined in Fig. 1B , cells that co-express two different connexins may form 181 structurally different types of channels. The following strategy was chosen to reduce this number. Cells expressing both Cx43 and Cx45 (Cx43/45) were co-cultured with cells expressing Cx43 or Cx45. This led to the formation of Cx43/45-Cx43 or Cx43/45-Cx45 cell pairs, respectively. As indicated in Figs. 5A and 6A, the co-expressing cell was named cell 1. Figure 5B shows a family of current records from a Cx43/Cx45-Cx43 cell pair gained with the standard voltage protocol. The currents obtained were asymmetrical. They inactivated more rapidly and more completely when cell 1 was hyperpolarized. Figure 5C shows plots of the function g j,ss =f(V j ) for ten selected Cx43/45-Cx43 cell pairs (symbols indicate different preparations). The plots exhibited a distinct pattern of voltage gating. When cell 1 was hyperpolarized (the homomeric Cx43 connexons in cell 2 were positive), the function was similar in each preparation. Hence, pooling and averaging yielded a unique curve with the following Boltzmann parameters (positive V j ): V j,0 =49.7±1.8 mV, g j,min =0.16±0.03, z=1.5 ±0.13. When cell 1 was depolarized (the homomeric Cx43 connexons in cell 2 were negative), the function g j,ss =f(V j ) was different in each preparation. Its contour varied from a transient increase to a S-shaped decrease of variable extent. Likewise, the V j polarity giving rise to the unique function g j,ss =f(V j ) yielded a function g j,inst =f(V j ) which was similar in each cell pair (data omitted for clarity). Curve fitting of the averaged data yielded the following values (positive V j ): G j =2.0±0.005, V H =160.6±2.10 mV. Specifically, starting from 1.0 at V j =0 mV, g j,inst decreased to 0.85 at V j =100 mV. Similarly, the V j polarity that led to inhomogeneous functions g j,ss =f(V j ) gave rise to different g j,inst data in each preparation (data omitted for clarity). The cell pairs included in the analysis yielded an average g j,inst of 11.7±1.0 nS at V j =0 mV (n=28). Preparations with g j,inst >16 nS were discarded.
For Cx43/45-Cx45 cell pairs, the gating behaviour was different. Figure 6B shows a family of current records obtained from such a preparation. They were asymmetrical and inactivated more rapidly and more completely when cell 1 was depolarized (the homomeric Cx45 connexons in cell 2 were negative). Fig. 6C shows plots of the function 2 ). C Normalized functions g j,inst =f (V j ) (○) and g j,ss =f(V j ) (•). In both cases, the V j sensitivity is more pronounced when the cell Cx43 is made more positive, thus leading to a weak and strong rectification, respectively. The curves correspond to the best fit of data to the Eqs. 1 and 3 (for details, see text)
Fig. 5A-C Dependence of steady-state gap junction conductance on junctional potential of mixed-Cx43 cell pairs consisting of a cotransfected cell (Cx43/45) and a singly transfected cell (Cx43). A Cell-pair configuration. B Examples of macroscopic I j obtained with the standard pulse protocol. Voltage steps were applied to cell 1 and I j recorded from cell 2. C Dependence of g j,ss on V j . The mixedCx43 pairs exhibit homogenous behaviour for hyperpolarization, but not for depolarization of cell 1. Each symbol represents a single cell pair. The curve for the data at V j >0 mV corresponds to the best fit of data to Eq. 2 (for details, see text) g j,ss =f(V j ) for seven selected Cx43/45-Cx45 cell pairs. The plots followed a distinct pattern of voltage gating. When cell 1 was depolarized, the function was similar in each preparation. Pooling and averaging the data yielded a unique curve with the following Boltzmann parameters (negative V j ): V j,0 =−40.1±1.2 mV, g j,min =0.17±0.014, z= −2.2±0.18. When cell 1 was hyperpolarized (the homomeric Cx45 connexons in cell 2 were positive), the function g j,ss =f(V j ) was different in each cell pair. Likewise, the V j polarity that generated the unique function g j,ss =f(V j ) gave rise to similar g j,inst data in each cell pair (data omitted for clarity). The analysis of the averaged data yielded the following values (negative V j ): G j =1.99±0.009, V H =−124.5±1.8 mV. Starting from 1.0 at V j =0 mV, g j,inst decreased to 0.79 at V j =−100 mV. Similarly, the V j polarity that yielded heterogeneous functions g j,ss =f(V j ) gave rise to different g j,inst data in each preparation (data omitted for clarity). The cell pairs included in the analysis had an average g j,inst of 4.2±0.6 nS at V j =0 mV (n=27). Preparations with g j,inst >16 nS were discarded.
Voltage dependence of g j in Cx43/45-Cx43/45 cell pairs Another series of experiments was carried out on pairs in which each cell co-expressed Cx43 and Cx45 (Fig. 7A) . Each preparation studied showed a different pattern of current signals. The panels in Fig. 7B show families of current records obtained from four selected preparations. In each case, the sequence of voltage steps was identical, i.e. V j =±10, ±40, ±70, ±100 and ±130 mV. The panel on the upper left shows I j signals that were nearly symmetrical with regard to V j polarity. They resemble those of homomeric Cx45-Cx45 cell pairs (Fig. 3B) . The panel on the upper right shows currents which exhibited some degree of asymmetry. Moreover, the traces at V j =±100 mV exhibited an unusual time-dependent decay. The panel on the lower left shows strongly asymmetrical currents. In this case, I j decreased prominently at negative V j and marginally at positive V j . The panel on the lower right shows a case with nearly symmetrical currents. However, inactivation began at large V j only. Moreover, some currents showed a rapid inactivation followed by a slow activation. Figure 7C shows plots of the function g j,ss =f(V j ) gained from the analysis of selected experiments (symbols represent different preparations). The smooth curves correspond to the best fit of data to Eq. 
Compiled data on voltage gating
We have examined 93 preparations in which cells coexpressed Cx43 and Cx45 (see above). Each cell pair behaved differently, thus yielding a unique set of Boltzmann parameters. In 38% of the cases, the relationship g j,ss =f(V j ) was quasi-symmetrical (n=35), in 62% of the cases asymmetrical (n=58). Figure 8 illustrates the results of selected experiments in graphical form empha- sizing the range of data. Figure 8A -C shows the parameters V j,0 , g j,min and z, respectively, represented by the end-points of vertical bars (upper end/lower end: data for positive/negative V j ). The left-hand panels show cases with quasi-symmetrical behaviour, the middle panels cases with asymmetrical behaviour. For clarity, the number of experiments depicted was reduced to 17 and 32, respectively. Missing data indicate the limits of the analysis procedure. The preparations analysed had an average g j,inst of 5.1±0.4 nS at V j =0 mV (n=93; see also Table 1 ). Cell pairs with g j,inst >13 nS were discarded. The right-hand panels summarize the data of the other types of cell pairs examined, i.e. the reference cell pairs Cx43-Cx43 and Cx45-Cx45, the Cx43-Cx45 cell pairs and the Cx43/45-Cx43 and Cx43/45-Cx45 cell pairs (see also Table 1 ). In the latter two cases, the data presented refer to the V j polarity giving rise to homogeneous g j,ss responses.
For Cx43/Cx45-Cx43/Cx45 cell pairs (Fig. 8 , left-hand panels and middle panels), |V j,0 | was 28-114 mV, g j,min 0.10-0.75 and |z| 0.8-6.4 (see also Table 1 ). These values are well beyond those of homomeric-homotypic channels (Fig. 8, right-hand panels) . Conceivably, the range of data reflects the variable level of connexin expression giving rise to the formation of a broad spectrum of different types of gap junction channels.
Kinetics of I j inactivation
The current signals were also used to analyse the kinetics of I j inactivation. For Cx43-Cx43 and Cx45-Cx45 cell pairs, I j decayed with time as a single exponential (|V j |<90 mV) or the sum of two exponentials (|V j |≥90 mV; data not shown) giving rise to the time constants τ i1 or τ i1 and τ i2 , respectively. For Cx43-Cx45 cell pairs, the inactivation of I j showed a similar pattern with one or two time constants when the Cx43 connexon was depolarized. Figure 9A shows a representative example with τ i1 and τ i2 of 24.8 and 355 ms, respectively, at V j =100 mV. Due to the complex shape of the I j signals, no time constants could be determined when the Cx45 connexon was depolarized (Fig. 4A) . For Cx43/Cx45-Cx43 and Cx43/45-Cx45 cell pairs, I j also showed one or two time constants for the V j polarity which yielded uniform I j responses, i.e. when the homomeric Cx43 connexon was depolarized or the homomeric Cx45 connexon was hyperpolarized, respectively (data not shown, but see Figs. 5A and 6A). For the opposite V j polarity, no meaningful analysis could be made because of the variable behaviour of I j . Figure 9B shows plots of the function τ i1 =f(V j ) for the different kinds of cell pairs. Where appropriate, the values for negative and positive V j were pooled. The data obtained were best approximated by single exponentials. The curve-fitting procedure yielded two parameters that characterize the inactivation, the intercept at V j =0, τ i,0 , and the decay constant V τ . The Cx43-Cx43 (solid circles) and Cx45-Cx45 (open circle) cell pairs yielded the following values: τ i,0 =72.2 s, V τ =14.8 mV; and τ i,0 =132.3 s, V τ =13.5 mV, respectively. This indicates that the Cx43-Cx43 channels inactivated more rapidly than the Cx45-Cx45 channels. The Cx43-Cx45 cell pairs yielded the following values when the Cx45 connexon was hyperpolarized (solid triangles): τ i,0 =109.9 s; V τ =11.8 mV. Hence, the inactivation of I j was faster than that of the Cx43-Cx43 or Cx45-Cx45 channels. The Cx43/45-Cx43 cell pairs, in the case of depolarizing the Cx43 connexons, gave the following values (open inverse triangles): τ i,0 =18.8 s, V τ =18.9 mV; likewise, the Cx43/45-Cx45 cell pairs, in the case of hyperpolarizing the Cx45 connexons, led to the following values (solid squares): τ i,0 =136.9 s, V τ =12.5 mV. Thus, the inactivation of I j was faster than that of the respective Cx43-Cx43 or Cx45-Cx45 channels.
Computations of the function g j,ss =f(V j ) Based on the data gained from the Cx43-Cx43, Cx45-Cx45 and Cx43-Cx45 cell pairs, an attempt was made to predict the properties of mixed gap junctions consisting of Fig. 8A -C Compiled data on voltage gating of cell pairs, both cells of which co-express Cx43 and Cx45. The ends of the vertical bars represent the values of V j,0 (V j at which g j,ss / g j,inst is half-maximally inactivated, A), g j,min (minimum g j at large V j , B) and z (number of unitary positive charges moving through applied electric field, C). In the case of V j,0 and z, the upper/lower end of each bar corresponds to the respective value at positive/negative V j , i.e. y=0 separates the data for different V j polarity. Left-hand panels: data for selected cell pairs with quasi-symmetrical V j sensitivity (n=17 out of 35); middle panels (n=32 out of 56): data for selected cell pairs with asymmetrical V j,0 sensitivity. The experiments were selected to document the range of data. Right-hand panels: data from the other cell pair configurations, i.e. Cx43-Cx43, Cx45-Cx45, Cx43-Cx45, Cx43/45-Cx43 and Cx43/45-Cx45 (from left to right; for details, see text). Insets in C: cell-pair configuration (cell1/cell2: lower/upper circle; black Cx43; white Cx45; grey Cx43/45) different fractions of homomeric-homotypic and homomeric-heterotypic channels, but no heteromeric-homotypic or heteromeric-heterotypic channels (Fig. 1) . It was assumed that the resulting channels do not interact functionally. For this purpose, the functions g j,ss =f(V j ) obtained from the Cx43-Cx43, Cx45-Cx45 and Cx43-Cx45 cell pairs were used as reference. The behaviour of mixed gap junctions was then determined by addition of the respective functions at appropriate weight and orientation (Eq. 3). The insets in Fig. 10 show the connexon combinations considered (black box: Cx43; white box: Cx45; left-hand box: cell 1, right-hand box: cell 2). The numbers 1 and 2 indicate the respective channel configuration. Figure 10A and B illustrates the case when Cx43/Cx45 cells were paired. The family of curves in Fig. 10A document the situation in which only homotypic combinations were allowed. Curves (a) and (e) correspond to the experimentally determined properties of 100% Cx43-Cx43 and 100% Cx45-Cx45 channels, respectively (solid curves with data points). The computed curves (dashed curves) in between represent the functions with 75% Cx43-Cx43 and 25% Cx45-Cx45 channels (b), 50% Cx43-Cx43 and 50% Cx45-Cx45 channels (c) and 25% Cx43-Cx43 and 75% Cx45-C45 channels (d). Each curve was symmetrical and invariant to channel orientation. The curves in Fig. 10B document the situation in which only heterotypic combinations were allowed. Curves (a) and (e) correspond to the experimentally determined properties of 100% Cx43-Cx45 channels inserted at inverse orientation. The prominent asymmetry of these curves gradually disappeared when the differently oriented channels were mixed (curve b: 75% 1 and 25% 2; curve d: 25% 1 and 75% 2). It was gone completely in the presence of 50% at each orientation (c). Figure 10C and D illustrates the case when Cx43/45 cells were paired with Cx43 or Cx45 cells. In both cases, homotypic and heterotypic combinations were allowed. In Fig. 10C , curves (a) and (e) depict the experimentally determined properties of 100% Cx43-Cx43 and 100% Cx45-Cx43 channels exhibiting a symmetry and asymmetry, respectively. Curves b-d document the transitions between the two reference functions. In Fig. 10D , curves (a) and (e) represent the experimentally determined behaviour of 100% Cx45-Cx45 and 100% Cx43-Cx45 channels showing symmetry and asymmetry, respectively. The curves b-d represent the functions when the two kinds of channels are mixed stepwise. Note that the rectification of the functions (d) in Fig. 10D and E is opposite.
Discussion
Cx43-Cx43 and Cx45-Cx45 cell pairs
The homotypic Cx43-Cx43 and Cx45-Cx45 cell pairs yielded homogeneous results (Figs. 2C and 3C ). Hence, both delivered a unique set of Boltzmann parameters ( Table 1) . The values of V j,0 and g j,min suggest that Cx43-Cx43 channels are less voltage sensitive and have a larger minimum conductance than Cx45-Cx45 channels. This is consistent with previous studies on injected Xenopus oocytes [3] , transfected human HeLa cells [2, 12] and mammalian cell lines [22] . The observation that g j,min ≠0 indicates that the channels remain in a residual state at large V j [12, 28] .
Both types of channels, moreover, inactivated voltagedependently and following a single or double exponential time course, thus giving rise to a single (τ i1 ), or two time constants (τ i1 and τ i2 ) respectively (Fig. 9B) . τ i1 decreased with increasing V j , i.e. the larger the voltage, the faster the inactivation. Data comparison indicates that Cx43-Cx43 channels inactivated more rapidly than Cx45-Cx45 channels for voltages allowing a meaningful comparison, i.e. V j ≥|50| mV (the lower limit for obtaining a reliable τ i1 ) and V j ≤|90| mV (the upper limit for establishing a significant difference in τ i1 ). These findings are consistent Fig. 9A , B Kinetics of I j inactivation. A Current signal I j recorded from a mixed-Cx43 cell pair at V j =100 mV (V 1 =−100 mV, V 2 =0 mV). I j decayed with time following the sum of two exponentials giving rise to two time constants (τ i1 =24.8 ms; τ i2 =355 ms). B τ i1 as a function of V j for I j obtained from different types of cell pairs: homotypic Cx43-Cx43 (•; n=9); homotypic Cx45-Cx45 (○; n=12); heterotypic Cx43-45 in the case of depolarization of the Cx43 cell (▲; n=9); mixed-Cx43 (▽; n=22) and mixed-Cx45 (■; n=26) for their homogenous behaviour. The curves correspond to the best fit of data to a single exponential. Inset: cellpair configuration (cell1/cell2: left hand/right hand circle; black Cx43; white Cx45; grey Cx43/45) with previous reports on Cx43-Cx43 and Cx45-Cx45 channels [2, 3, 12, 22] .
Cx43-Cx45 cell pairs
For heterotypic Cx43-Cx45 cell pairs, the functions g j,inst =f(V j ) and g j,ss =f(V j ) exhibited moderate and pronounced rectification, facilitating current flow from cell 2 to cell 1 and impeding it from cell 1 to cell 2, respectively (Fig. 4C) . This is consistent with previous studies [12, 22, 25, 31] . When depolarizing pulses were applied to the Cx43 connexons (negative V j ), the curvature of the functions resembled those of homotypic channels. However, close inspection indicates that both dependence of g j, inst and g j,ss on V j as well as the kinetics of I j differed from the corresponding properties of Cx43-Cx43 or Cx45-Cx45 channels (compare Figs. 2C and 3C with Fig. 4C ). The parameters V j,0 and g j,min obtained for the Cx43-Cx45 channels were smaller than those of either type of homotypic channel, indicating that both connexons responded concomitantly (Table 1) . These findings are compatible with the assumption that Cx43 and Cx45 connexons gate with positive and negative voltage, respectively. Moreover, when depolarizing pulses were applied to the Cx43 connexons (negative V j ), the Cx43-Cx45 channels inactivated more rapidly than either type of homotypic channel (Fig. 9B) . This is also consistent with concurrent gating of the Cx43 and Cx45 connexons. Hyperpolarization of cell 1 (positive V j ) elicited a transient increase in I j followed by a moderate decrease. Conceivably, the initial increase represents the opening of channels that were in the residual state at V j =0 mV. Hence, negative V j consumes a significant fraction of gating capacity leaving but little at positive V j . The decrease of g j,ss at more positive V j may be due the voltage dependence of the channel main state and a gating mechanism similar to that observed in solitary connexons [26, 30] .
While this interpretation is consistent with current knowledge on gap junction channels, it conflicts with other connexon data. Recently, it has been reported that Cx45 and Cx43 hemichannels gate with negative voltage [1, 7, 27] . To rescue the foregoing interpretation, it would have to be assumed that hemichannel docking inverts the gating polarity of one of the connexins, probably the Cx43. Previously, it has been proposed that the function g j,ss =f(V j ) of Cx43-Cx45 cell pairs results from negative gating of both connexons [12, 22, 25, 31] . Hence, depolarization of cell 1 (negative V j ) would involve the operation of Cx45 connexons and hyperpolarization (positive V j ) the operation of Cx43 connexons. While this interpretation is consistent with the current knowledge on hemichannels (see above), it also conflicts with gap junction channel data. To save this concept, extra arguments are needed. For example, to account for the function g j,ss =f(V j ), docking would have to shift the Fig. 10A-D Computed functions of g j,ss =f(V j ), assuming gap junction channels to consist of homomeric Cx43 and Cx45 connexons. The computations are based on the experimental data of Cx43-Cx43, Cx45-Cx45 and Cx43-Cx45 cell pairs. Insets: scheme of connexon combinations; black box Cx43; white box Cx45; left-hand side cell 1, right-hand side cell 2; numbers 1 and 2 types of channels. Solid curves experimental data; dashed curves computed data. Curves a-e illustrate the behaviour for different mixtures of gap junction channels (channel type 1/channel type 2): 100/0%, 75/25%, 50/50%, 25/75% and 0/100%. A Cx43/Cx45-Cx43/45 cell pair, allowing homotypic channels only. B Cx43/45-Cx43/45 cell pair, allowing heterotypic channels only. C Cx43/45-Cx43 cell pair, allowing homotypic and heterotypic channels. D Cx43/45-Cx45 cell pair, allowing homotypic and heterotypic channels voltage sensitivity of the Cx43 connexons by more than 100 mV (compare [7, 12] ) or there would be no voltage window for channels in the main state, i.e. the channels would always be in a conformation with one or both connexins in the residual state. The same would be true for the function g j,ss =f(V j ) of Cx43-Cx43 cell pairs. Moreover, g j,min at large negative V j would have to increase above the level inherent to Cx45-Cx45 channels. Yet, it decreased (compare Figs. 3C and 4C ) or even disappeared [12] . In brief, both interpretations presented require assumptions beyond the currently accepted properties of gap junction channels or hemichannels. Nevertheless, simply to discuss the subsequent data (see below), we will restrict ourselves to one of the concepts, namely the first, since we favour it at this stage. Prominent asymmetrical functions g j,inst =f(V j ) and g j,ss =f(V j ) have also been observed in the case of other heterotypic Cx combinations relevant for cardiac tissue, i.e. Cx40-Cx43 [16, 31] and Cx40-Cx45 [31] .
Cx43/45-Cx43 and Cx43/45-Cx45 cell pairs
The studies with the Cx43/45-Cx43 and Cx43/45-Cx45 cell pairs revealed functions g j,ss =f(V j ) that varied between preparations. Typically, one voltage polarity yielded quasihomogeneous data, the other heterogeneous data. Hence, the degree of rectification varied from cell pair to cell pair. Based on the framework used to interpret the Cx43-Cx45 data (see Cx43-Cx45 cell pairs), the properties of the mixed cell pairs can be explained as follows.
For Cx43/45-Cx43 cell pairs, hyperpolarization of cell 1 (positive V j ) led to quasi-homogeneous behaviour (Fig. 5C ). Assuming that Cx43 and Cx45 gate with positive and negative voltage, respectively, this behaviour reflects the gating of Cx43-Cx43 (involving Cx43 of connexon 2) and Cx43/45-Cx43 channels (involving Cx43 of connexon 2 and Cx45 of connexon 1). This is consistent with the finding that the Boltzmann parameters of the Cx43/45-Cx43 cell pairs were intermediate between those of the Cx43-Cx43 and Cx43-Cx45 cell pairs (Table 1) . Hence, the contour of g j,ss =f(V j ) may be expected to range from that of Cx43-Cx43 (Fig. 2C) to that of Cx43-Cx45 channels (Fig. 4C, negative V j ) , depending on the ratio of Cx expression in cell 1 and the formation of heterotypic channels. However, such extreme cases were not observed, i.e. the experimental data varied rather little and hence were averaged. This led to the S-shaped curve with standard errors slightly larger than those e.g. of Cx43-Cx43 cell pairs (compare Figs. 2C and 5C ). Furthermore, I j inactivated more rapidly in Cx43/45-Cx43 than in Cx43-Cx43 cell pairs (Fig. 9B) . This may indicate a contribution of channels containing Cx45.
In contrast, depolarization of cell 1 (negative V j ) gave rise to prominent heterogeneous behaviour (Fig. 5C ). This reflects the gating of Cx43-Cx43 channels (involving Cx43 of connexon 1) and the V j dependence of the channel main state superimposed on an extra gating mechanism of channels containing Cx43 and Cx45 (see Cx43-Cx45 cell pairs). Thus, the shape of g j,ss =f(V j ) may be expected to range from that of Cx43-Cx43 (Fig. 2C) to that of Cx43-Cx45 channels (Fig. 4C , positive V j ), with intermediates depending on the expression level of Cx43 and Cx45 in cell 1 and the formation of heterotypic channels. The data in Fig. 5 are consistent with this interpretation.
For Cx43/45-Cx45 cell pairs, the function g j,ss =f(V j ) was inverted. Depolarization of cell 1 (negative V j ) yielded nearly homogenous behaviour (Fig. 6C) , reflecting the gating of Cx45-Cx45 (involving Cx45 of connexon 2) and Cx43/45-Cx45 channels (involving Cx43 of connexon 1 and Cx45 of connexon 2). This is consistent with the finding that the Cx43/45-Cx43 cell pairs yielded Boltzmann parameters between those of the Cx45-Cx45 and Cx43-Cx45 cell pairs (Table 1) . Thus, the contour of g j,ss =f(V j ) may be expected to range from that of Cx45-Cx45 (Fig. 3C) to that of Cx43-Cx45 channels (Fig. 4C , negative V j ), depending on the ratio of Cx expression in cell 1 and the formation of heterotypic channels. Moreover, I j inactivated more rapidly in Cx43/45-Cx45 cell pairs than in Cx45-Cx45 cell pairs (Fig. 9B ). This indicates a contribution of channels containing Cx43. In contrast, hyperpolarization of cell 1 (positive V j ) gave rise to prominent, heterogeneous behaviour, reflecting the gating of Cx45-Cx45 channels (involving Cx45 of connexon 1) and the V j dependence of the channel main state superimposed on an extra gating mechanism of channels containing Cx43 and Cx45 (see Cx43-Cx45 cell pairs). Therefore, the shape of g j,ss =f(V j ) may be expected to range from that of Cx45-Cx45 (Fig. 3C) and that of Cx43-Cx45 channels (Fig. 4C , positive V j ), with intermediate cases depending on the expression level of Cx43 and Cx45 in cell 1 and the formation of heterotypic channels. The data in Fig. 6 are compatible with these explanations.
Cx43/45-Cx43/45 cell pairs
The experiments with Cx43/45-Cx43/45 cell pairs gave a broad spectrum of I j responses (Fig. 7B) . Besides conventional monotonic decays, we observed non-monotonic decays and transient decreases followed by subsequent increases. The resulting functions g j,ss =f(V j ) differed from preparation to preparation. Depolarization of cell 1 (negative V j ) yielded heterogeneous behaviour (Fig. 7C) reflecting the gating of channels containing Cx43 in connexon 1 and/or Cx45 in connexon 2. Possible candidates are the Cx43-Cx43, Cx43-Cx45, Cx43-Cx45/43, Cx45-Cx45, Cx43/45-Cx45 and Cx43/45-Cx43/45 channels. Hence, the contour of g j,ss =f(V j ) can be expected to range from that of Cx43-Cx43 (Fig. 2C) to that of Cx45-Cx45 (Fig. 3C ) and Cx43-Cx45 channels (Fig. 4C) , depending on the ratio of Cx expression in cell 1 and cell 2. Likewise, hyperpolarization of cell 1 (positive V j ) yielded heterogeneous behaviour (Fig. 7C) reflecting the gating of channels containing Cx45 in connexon 1 and/ or Cx43 in connexon 2. Again, six different classes of channels may have been involved.
The functions g j,ss =f(V j ) observed can be divided into two groups, those with quasi-symmetrical and those with asymmetrical behaviour (Figs. 7C and 8) . The first group includes profiles similar to those of Cx43-Cx43 and Cx45-Cx45 channels. The cells of these preparations may have been nearly identical with regard to Cx expression, thus leading to a symmetrical arrangement of different types of channels. The second group includes profiles resembling those of Cx43/45-Cx43 and Cx43/45-Cx45 channels. The cells of these preparations may have expressed Cx43 and Cx45 at different levels, thus resulting in asymmetrical arrangements of different types of channels. Because of the broad spectrum of voltage profiles encountered, the data gained from Cx43/45-Cx43/45 cell pairs were not averaged. Instead, the Boltzmann parameters of selected experiments were presented to document the range of data (Fig. 8 , left-hand panels and middle panels; see also Table 1 ). The variability suggests that each cell exhibited a different pattern of Cx expression, presumably correlated with the cell cycle.
Identification of types of channel in complex gap junctions
The data gained from Cx43-Cx43, Cx45-Cx45 and Cx43-Cx45 cell pairs (Figs. 2C, 3C and 4C) have been used to predict the properties of mixed gap junctions consisting of homomeric connexons (Fig. 10) . For Cx43/45-Cx43 cell pairs, the experimentally determined functions g j,ss =f(V j ) are not easy to reconcile with the predicted ones (compare Figs. 5C and 10C) , even when the extreme cases are ignored, i.e. traces (a) and (e) in Fig. 10C (for an argument, see Cx43/45-Cx43 and Cx43/45-Cx45 cell pairs). While this narrows down the profiles at positive V j , it does not explain adequately the range and shape of the profiles observed at negative V j . This discrepancy may indicate the presence of channels containing heteromeric connexons in cell 1. For Cx43/45-Cx45 cell pairs, comparison leads to a similar conclusion (compare Figs. 6C and 10D ). Ignoring the extreme cases (a) and (e) in Fig. 10D narrows down sufficiently the predicted profiles at negative V j but does not explain the range and shape of the experimentally determined profiles at positive V j . Again, this may indicate the presence of heteromeric connexons in cell 1 and hence corresponding gap junction channels.
For Cx43/45-Cx43/45 cell pairs, a comparison between experimental data and computed predictions is even more difficult due to the larger number of possible channel configurations (compare Figs. 7C and 8 with Fig. 10 ). The preponderance of asymmetrical (62%) over symmetrical cases (38%) suggests a certain variation of Cx expression among the cells (Fig. 8 , left-hand and middle panels). Hence, in Fig. 10A -D curves b-d would be more appropriate than the curves (a) and (e). In the symmetrical cases, one might expect a contribution of the predicted profiles in Figs. 10A and B (preferentially the curves (c) or close neighbours thereof) plus those in Figs. 10C and D (preferentially the curves (c) or close neighbours thereof). Such profiles predict biphasic decays of g j,ss , behaviour not observed experimentally (Fig. 7C, left-hand panel) . In the asymmetrical cases, one might expect primarily a contribution of the predicted profiles in Figs. 10C and D (preferentially the curves (c) or close neighbours thereof). This also would give rise to biphasic decays of g j,ss , a property not seen in the experiments (Fig. 7C, right-hand  panel) . Hence, in both groups of cell pairs, the discrepancy between experimental and predicted data may be due to the presence of channels containing heteromeric connexons.
The diversity of voltage profiles observed in the present study is consistent with that of previous studies involving Cx40, Cx43 and Cx45 [9, 16, 23, 32] and Cx37 and Cx43 [4] . From these studies it was inferred that heteromeric channels exist or may exist.
Physiological significance
Gap junction channels play a crucial role for the propagation of the cardiac impulse [20] . The current concept assumes a positive correlation between the number of gap junction channels and the conduction velocity. However, this scheme is incomplete. The conduction velocity depends not only on the number of channels, but also on the type of channels and their orientation in a tissue. Depending on the type of channels and their orientation, the impulse propagation can be facilitated (signal transfer: C45→Cx43, Cx43/45→Cx43 or Cx45→Cx43/45) or impaired (signal transfer: Cx43→Cx45) due to the rectification of g j,inst and g j,ss . Hence, of particular interest are tissue areas where cells expressing Cx43 and/or Cx45 make contact with each other. Prominent examples are auricular muscle (Cx43-Cx45, Cx43/45-Cx43/45) and Purkinje fibres (Cx43-Cx45, Cx43/45-Cx43/45) or the transitional zone at the junctions SA node-auricular muscle (Cx45-Cx43, Cx45-Cx43/45), auricular muscle-AV node (Cx43-Cx45, Cx43/45-Cx45), bundle branchesPurkinje fibres (Cx45-Cx43, Cx45-Cx43/45) and Purkinje fibres-ventricular muscle (Cx45-Cx43, Cx43/45-Cx43) [8, 10, 17] (for review, see [34] ).
